The cysteine-stabilized αβ scaffold, CSαβ, contains an α-helix packed against a two-stranded β-sheet stabilized by three spatially conserved disulfide bonds (reviewed in Ref. 1) . The CSαβ motif appears in a number of polypeptide families that can exert various biological functions, such as: short chain (30-50 residue long) and long chain (60-76 residue long) scorpion toxins that affect voltage-gated ion channels, antimicrobial peptides (of insect and plants) as well as plant protease inhibitors ( Fig. 1;  2; 3).
Analysis of the structure-function relationships of several representatives of a subclass of the long chain scorpion toxins family, the scorpion β-toxins (activators of voltage-gated sodium channels, Na v s), elucidated their bioactive surfaces including those of the anti-insect excitatory and depressant toxins, Bj-xtrIT and LqhIT2 (from Hottentota judaica and Leiurus quinquestriatus hebraeus, respectively; 4-6), and the anti-mammalian β-toxin, Css4 (from Centruroides suffusus suffusus; 7). These studies highlighted a conserved pharmacophore positioned on the CSαβ protein core (7) . The C-tail, loops, turns, and unstructured stretches that connect to the CSαβ protein core in long-chain scorpion toxins constitute a large portion of their exteriors and bear residues that participate in bioactivity (reviewed in ref 8) . We have recently reported that truncated scorpion β-toxins, lacking the N-and C-terminal regions of the parental peptides but maintaining the CSαβ motif (∆∆β-toxins), are able to interact at high affinity with Na v s (9) . Although by themselves the ∆∆β-toxins (∆∆Css4 and ∆∆Bj-xtrIT) were non-toxic and did not bind at the receptor sites of the parental toxins, they exhibited an unexpected ability to allosterically facilitate the activity of a scorpion α-toxin (inhibition of Na v fast inactivation), which binds at receptor site-3 on insect Na v s (10) , and the effect of the marine polyether toxin brevetoxin-2 (PbTx-2, facilitator of Na v activation), which binds to receptor site-5 (11). However, a short chain potassium channel blocker (Charybdotoxin) with a CSαβ structural fold did not exert any of these effects (9) . These results indicated that it is not only the CSαβ motif, but specific amino acids at key sites on the protein exterior, that can interact with ion channels and either block voltage-gated potassium channels or induce conformational alteration of voltage-gated sodium channels. From a structural viewpoint, the ability of ∆∆Bj-xtrIT and ∆∆Css4 to bind to the Na v , as manifested in modulation of the interaction of receptor site-3 and -5 ligands, suggests that by truncation of the two β-toxins a masked functional surface was exposed. Since the CSαβ motif appears in several protein families, including: antimicrobial peptides, potassium channel blockers, and sodium channel gating modifiers ( Fig. 1; 2, 3) , we explored the possibility that a well characterized CSαβ peptide may exert an additional function known for other peptides bearing this scaffold.
For this aim we tested the ability of a well characterized Drosophila melanogaster antifungal peptide Drosomycin (Drs) to interact with voltage-gated sodium channels. The solution structure of Drs indicates that this 44 amino acid peptide is cross-linked by four disulfide bonds, of which three render a CSαβ structural fold ( Fig. 2; 12 ). Sequence comparison of the truncated scorpion β-toxin, ∆∆Css4, with Drs indicates moderate identity (34%) and similarity (50%) including conservation of six cysteine residues that stabilize the CSαβ motif which is manifested by a remarkable structural similarity (Fig. 2) . Moreover, Lys-8, Asp-15, Asn-16, Glu-17, Glu-25 and Glu26 of ∆∆Css4 which are involved in the interaction with insect Na v s are spatially conserved in Drs ( Fig. 2; 9 ), but not in potassium channel blockers (Fig. 1) .
In light of the resemblance between the truncated scorpion β-toxin and Drs we tested whether Drs is able to interact with the D. melanogaster voltage-gated sodium channel DmNa v 1.
EXPERIMENTAL PROCEDURES
Neuropeptides: The expression and purification of Drosomycin (Drs) were carried out as described previously for a disulfide bridged neurotoxin (13) . Briefly, the sequence encoding the mature Drosomycin was amplified via PCR from D. melanogaster genomic DNA and cloned into the NcoI and BamHI sites of a pET-32b expression vector derivative used for transformation of Escherichia coli strain Rosettagami (Novagen, USA). The recombinant Drs, fused to thioredoxin and His 6 tag, was purified on HisTrap ® (GE life sciences, Sweden) affinity column and the tag and thioredoxin were cleaved with thrombin. Drs was purified using a Resource ® 3 ml reverse phase HPLC column (GE Life Sciences, Sweden). The molecular mass of the recombinant Drs was confirmed by mass spectroscopy (predicted, 5252.1 g/mol; measured, 5251.9 g/mol).
The truncated scorpion β-toxins ∆∆Css4 and ∆∆Bj-xtrIT were produced as previously described (9) . The scorpion α-toxin LqhαIT was produced in recombinant form as was previously described (14) . Brevetoxin 2 (PbTx-2) was purchased from Latoxan (Valance, France)
Antifungal activity: Botrytis cinerea strain B05-10 was cultured on potato dextrose agar (PDA) at 22°C. Colletotrichum gloeosporioides f. sp. aeschynomene strain 3.1.3 was cultured on Emrson's YpSs agar medium at 28°C. Spores were collected from 7-day old (B. cinerea) or 5-day old (C. gloeosporioides) cultures by washing the plates with 5 ml of potato dextrose broth (PDB) or regeneration medium (REG), respectively. The spores were counted, diluted to a final concentration of 10 5 spores/ml, and then dispensed into 48-well plates (0.5 ml/well). The plates were incubated under continuous light at 22°C (B. cinerea) or 28°C (C. gloeosporioides) with constant agitation at 150 rpm. The ∆∆β-toxins or Drs were added to the wells (in duplicates) from stock solutions and the effect on growth was determined by measuring the absorbance at 600 nm after 24 and 48 hrs. The inhibition of growth was normalized to the growth without peptides. Heat-inactivated spores were used as blank reference.
Toxicity assays:
Third instar D. melanogaster larvae (wild type Canton-S strain) were injected with 100 nl of toxin or toxins mixture by a pooled glass capillary mounted on a micro dispenser under a X40 magnification. Four-day old Sarcophaga falculata larvae (150 ± 20 mg body weight) were injected inter-segmentally with five to seven concentrations of each toxin or mixture of toxins (nine larvae in each group) in three independent experiments. ED 50 values for both species were calculated as was previously described (15) . A positive result for LqhαIT was scored when a characteristic contraction paralysis was observed 1-5 min post injection (longer durations did not change the ED 50 values). LqhαIT and Drs were mixed at various ratios and the ED 50 of each mixture was scored. When a mixture of a toxin and Drs was injected at doses close to its ED 50 value, the contraction paralysis developed slower, and therefore it was scored after 10-15 min.
Two-electrode voltage clamp experiments:
The cloned complementary DNA (cDNA) encoding for the D. melanogaster sodium channel α-subunit (DmNa v 1) and the auxiliary TipE subunit were kindly provided by J. Warmke, Merck, and M. S. Williamson, Division of Plant and Invertebrate Ecology-Rothamsted, UK, respectively. These cDNAs were transcribed in vitro using T7 RNA-polymerase and the mMESSAGE mMACHINE TM system (Ambion, Austin, TX), and the cRNAs were injected into Xenopus laevis oocytes as was described (16) . Currents were measured 1-2 days after injection using a two-electrode voltage clamp and a Gene Clamp 500 amplifier (Axon Instruments, Union City, CA). Data were sampled at 10 kHz and filtered at 5 kHz. Data acquisition was controlled by a Macintosh PPC 7100/80 computer, equipped with ITC-16 analog/digital converter (Instrutech Corp., Port Washington, NY), utilizing Synapse (Synergistic Systems, Sweden). Capacitance transients and leak currents were removed by subtracting a scaled control trace utilizing a P/6 protocol. Bath solution contained (in mM): 96 NaCl, 2 KCl, 1 MgCl 2 , 2 CaCl 2 , and 5 HEPES, pH 7.85. Oocytes were washed with the bath solution using a BPS-8 perfusion system (ALA Scientific Instruments, Westbury, NY) with 4 p.s.i. positive pressure. Toxins were diluted with bath solution and applied directly to the bath to the final desired concentration.
RESULTS
To clarify whether the structural similarity between Drs and the truncated scorpion toxins is manifested at the functional level, we compared both their anti-fungal and sodium channel activities. The recombinant Drs inhibited the growth of two fungal species, B. cinerea (~50% inhibition at 1.5 µM) and C. gloeosporioides (~50% inhibition at 15 µM), similarly to the inhibition of fungal growth reported for the recombinant (17) and native Drs (isolated from flies after septic injury;18). Notably, both ∆∆Css4 and ∆∆Bj-xtrIT also inhibited the growth of C. gloeosporioides (~50% inhibition at 15 µM), but not the growth of B. cinerea. Different patterns of preference toward various species of fungi were previously reported for Drs and its homologues (17, 18) .
Analysis of Drs at concentrations up to 5 µM on DmNa v 1 expressed in X. laevis oocytes has shown no effect on the conductance and gating properties (Fig. 3) . However, as we have recently demonstrated, the interaction of various peptides with Na v s can be monitored indirectly by the allosteric effects imposed upon the activity of another channel ligand (9, 15) . Using this sensitive assay we examined whether the inhibitory effect of the scorpion α-toxin LqhαIT (a site-3 Na v ligand) on DmNa v 1 inactivation would be modulated by Drs. LqhαIT increased the Na + peak current and inhibited DmNa v 1 fast inactivation with an EC 50 of 2.6 ± 0.2 nM ( Fig. 4A; 9, 13 ). When LqhαIT was applied together with Drs in a 1:50 molar ratio, the EC 50 of LqhαIT in the context of the mixture dropped markedly to 0.9 ± 0.2 nM (Fig. 4A) . Analysis of the enhancement induced by Drs at a constant LqhαIT concentration indicated facilitation of the α-toxin activity in a dose dependent manner with an EC 50 of 56 ± 11 nM (Fig.  4B) . These data implied that Drs interacted with DmNa v 1 and therefore we examined its allosteric effect on the activity of PbTx-2 (a site-5 Na v ligand). Whereas PbTx-2 at a concentration of 0.5 µM shifted the voltage dependence of DmNa v 1 activation to more hyperpolarizing membrane potentials, preor co-application of PbTx-2 in a 1:2 molar ratio with Drs strongly suppressed this effect (Fig. 4C) . Thus, the ability of Drs to allosterically modulate the activity of various Na v ligands indicates that it binds to the sodium channel and induces a conformational alteration.
We further examined the interaction of Drs with the D. melanogaster Na v in vivo. LqhαIT, Drs or their mixture were injected into third instar larvae and the paralytic effects were monitored. LqhαIT induced contraction paralysis of the larvae with halfmaximal Effective Dose (ED 50 ) of 35 pg/larva. The effect of LqhαIT was strongly enhanced by co-injection with Drs (1:20 molar ratio), and the mixture ED 50 dropped by ~4-fold to 8 pg/larva. It should be noted that Drs by itself induced weak symptoms of contraction paralysis in the larvae only at doses >5 ng/ larva (>30-fold higher than those required for facilitation of LqhαIT activity). To better quantify this enhancing effect, toxicity assays were performed on the larger and more robust larvae of S. falculata. Although S. falculata belongs to a different fly super-family, Drs increased 6-fold the toxicity of LqhαIT towards these larvae in a dose dependent manner, with an EC 50 of 14 ng/100 mg larvae (approximately 30 nM, assuming that the weight of the larva equals its volume; Fig. 5 ).
DISCUSSION
Here we show that a naturally occurring antifungal peptide with a structural scaffold common to toxins that target ion channels can interact with a voltage-gated sodium channel.
Drosomycin enhances allosterically the activity of LqhαIT, a scorpion alpha toxin that modulates the inactivation of the D. melanogaster voltage-gated sodium channel (DmNa v 1), and inhibits the facilitating effect on DmNa v 1 activation induced by the marine polyether brevetoxin-2 (Fig. 4) . These results are highly similar to those obtained for the truncated β-toxins (9), probably due to the remarkable structure similarity as well as the spatial conservation of residues important for these activities in Drs and ∆∆Css4. This supports the hypothesis that Drosomycin and scorpion toxins that affect ion channels, both harboring the CSαβ motif, might have evolved from a common progenitor (2, 3).
Moreover Drs, ∆∆Css4 and ∆∆Bj-xtrIT induce both antifungal activity and allosteric conformational alteration of Na v s. These intriguing results suggest that a peptide with a CSαβ scaffold can exert two different functions and it seems that the chemical nature of the amino acid presented on this scaffold determines the peptide activities. Indeed, Charybdotoxin, which adopts a CSαβ scaffold, lacks the ability to modulate Na v s as the positions which enable the activity of ∆∆Css4 are not conserved in this potassium channel blocker ( Fig. 1; 9 ). Since CSαβ peptides may support more than a single biological activity with different potencies we suggest that the biological role of such peptides should be carefully reexamined, to explore other potential functions that might have been overlooked.
Potential implications for Drs interaction with DmNa v 1
The systemic antimicrobial response of D. melanogaster is triggered by pathogen infiltration through the cuticle, causing transient synthesis of antibacterial and antifungal peptides (19) . Septic injury of D. melanogaster larvae or adults induces the transcription and translation of these peptides, of which Drosomycin (Drs) is the most prominent (18) . The gene encoding Drs is a member in a family of seven homologous clustered loci (17, 20) , of which the transcription of Drs, dro3, dro4 and dro5 was demonstrated (http://flyatlas.org; 21) and microarray analysis has shown that fungal infection of D. melanogaster leads to notable up-regulation of Drs and dro5 transcription (22) . Remarkably, Drs concentration in the fly hemolymph can reach 100 µM ~24 hrs post infection (23, 24) , probably to compensate for its relatively low antifungal potency (this work and ref 17) . Still, despite the extensive documentation of its effect on fungi, the mechanism of action of Drs and its molecular targets are unknown at present.
The ability of Drs to interact with DmNa v 1 suggests that it might affect this channel as a result of pathogen infiltration, but the biological outcome of this interaction is yet to be determined. The sensitivity of available Drosomycin deficient strains such as Drs knockout and knockdown or Toll receptor (upstream regulator of Drosomycin) knockout strains, to Lqhα α α αIT injection will probably be similar to the sensitivity of wt flies used in this study, as the expression of Drosomycin is already very low in non-infected wt strains (18) . Therefore, such strains will not be effective in testing the in vivo existence and biological role of the suggested interaction between the native Drs and DmNa v 1. Ideally, a Drosophila strain that mimics specifically the response of the Drs locus to an immune challenge (exclusive overexpression of Drs under inducible conditions) might help answering these questions. However, as far as we are aware only a constitutively expressing Drs strain has been reported thus far (25) .
As Drs effect at the fly Na v is observed at nM concentrations (Figs. 4 and 5) , it is plausible that already at low concentrations in the fly hemolymph, shortly after an environmental stimulus, such as infection, Drs triggers a distinct response via interaction with DmNa v 1. Notably, Drs and drs4 transcripts have been identified by microarray analysis in the Drosophila brain and thoracic-abdominal ganglia (FlyAtlas; 21). Moreover Drs is highly transcribed in the BG2 cell-line, which has originated from a D. melanogaster neuronal source (26; FLIGHT database, http://flight.licr.org), suggesting that it might also be expressed next to its neuronal target. This observation suggests that Drs might act as a neuropeptide in the fly central nervous system. In this respect it is interesting that some Drs homologues do not display any noticeable anti-fungal activity but are still transcribed (17) and therefore may possess other physiological roles. Interestingly, a study involving dozens of alleles of Drs and its homologues from several Drosophila species indicated that these loci were mostly subjected to purifying selection during their evolution which resulted in strong conservation of the sequence of their peptide products (20) . This may seem puzzling as many immune system related genes in insects are subjected to positive selection, which results in accelerated evolution and high sequence variability, thereby increasing the number of pathogen targets recognized and eliminated by the immune system (e.g. ref 27 ). Such unexpected conservation may be explained if Drs or some of its homologues also bind to a conserved target such as DmNa v 1. Overall, the ability of Drs, a major component of Drosophila innate immune system, to bind and induce conformational alteration of the fly voltagegated sodium channel is highly intriguing and paves new avenues in the study of the cellular targets and mode of action of peptides of this category. Additionally, this study raise questions regarding a possible interaction between the fly immune and the nervous system. The ∆∆Css4 model (left panel) is based on the NMR structure of Cn2 (PDB; 1Cn2), and is spatially aligned with that of Drs. Fig. 2A was prepared using PyMOL (http://www.pmol.org). B, Sequences were aligned according to the conserved cysteine residues and the disulfide bonds formed between cysteine pairs are marked in solid lines. Dashes indicate gaps. Amino acid residues that were identified as part of the interacting surface of ∆∆Css4 with insect Na v s (9) are shown in sticks according to their chemical nature (positive charge, blue; negative charge, red; non-polar, green) and are also highlighted in the sequence alignment. Corresponding residues in Drs according to sequence and structural alignments are also shown in sticks. 
